Background
The addition of the monoclonal CD20 antibody rituximab to chemotherapy such as CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) has resulted in significantly higher response rate, prolonged progression free survival and, most importantly, in better overall survival in diffuse large B cell lymphoma (DLBCL) [1] . However, some patients are either refractory to or relapse after rituximab-based therapies which has been, at least in part, attributed to resistance mechanisms to rituximab including overexpression of anti-apoptotic proteins [2] and down-regulation of CD20 expression [3] .
The development of therapeutic antibodies targeting other lymphoma surface antigens could therefore improve currently used lymphoma treatment regimens. CD40 is a member of the tumor necrosis factor (TNF) superfamily and is highly expressed on nearly all B-cell malignancies including DLBCL [4] . It is well established that interaction of CD40 with its natural ligand CD40L can rescue tumor cells from apoptosis, prolong survival and augment proliferation [5] - [7] . CD40L is provided either by the microenvironment, i.e. infiltrating T-cells, dendritic cells and mast cells [8] [9] , and/or by the tumor itself, i.e. coexpression of CD40 and CD40L on lymphoma cells [10] as well as secretion of biologically active, soluble CD40L [11] . Therefore, disruption of this signaling pathway appears as an attractive strategy in the treatment of B-cell neoplasms. The fully human anti-CD40 antagonistic monoclonal antibody NVP-HCD122 (HCD122) has been shown to prevent CD40/CD40L induced activation of signalling pathways, proliferation and survival in primary B-CLL tumor cells. Secondly, HCD122 is a potent mediator of antibody-dependent cellular cytotoxicity (ADCC) [12] . In contrast to rituximab, HCD122 is not internalized upon binding to CD40-positive cells, and does not mediate complement-dependent cytotoxicity (CDC). In a clinical phase I/II study HCD122 demonstrated variable activity in patients with relapsed/refractory lymphoma across various subtypes [13] . The observation of heterogeneity in response to new agents within a particular histology rather than between different entities is in line with other studies in a broad set of hematologic malignancies [14] and underscores the need for predictive markers of early therapy response and resistance, respectively. Such tools would help to circumvent unnecessary toxicity and costs in patients with high probability of treatment failure, and would also support preclinical and clinical evaluation of novel agents.
Positron emission tomography (PET) using the thymidine analogue 3'-deoxy-3'-[ 18 F]fluorothymidine (FLT) offers an attractive option for early therapy monitoring. Upon uptake by nucleoside transporters, FLT is phosphorylated by the cytosolic enzyme thymidine kinase 1 (TK1) and is thus trapped within the cell [15] . Due to the close relation between TK1 activity and the S-phase of the cell cycle [16] and further validation of FLT-uptake with the immunohistochemical proliferation marker Ki-67 [17] , FLT-PET has been introduced as a reliable surrogate marker for cell proliferation. Regarding different subtypes of aggressive B-cell non-Hodgkin lymphomas (NHL), FLT has proven to be suitable for early response assessment to targeted treatments as well as to classical chemotherapy in both clinical and preclinical studies [18] - [22] .
However, the role of FLT-PET in monitoring CD40-directed immunotherapy has not been investigated yet. In this preclinical study we provide evidence that PET imaging with FLT allows early response prediction to immunotherapy with the novel CD40 antibody HCD122 in a DLBCL xenograft mouse model.
Methods

Cell Line and Animal Model
SU-DHL-4 cells were obtained by the German Collection of Microorganisms and Cell Cultures (DSMZ) and cultured in RPMI 1640 medium containing 10% fetal bovine serum, 1 mM L-glutamine and 1% penicilline/ streptomycine (Gibco). Expression of CD40 on lymphoma cells was confirmed by flow cyctometry. Six to eight week old female immunodeficient mice (CB-17 SCID) were obtained from Charles River laboratories. Xenografts were generated following subcutaneous injection of 10 × 10 6 SU-DHL-4 cells suspended in sterile PBS (100 μl) into the right shoulder region. All animal experiments were authorized by the regional responsible agency.
Antibody and Therapeutic Regimen
Palpable tumors were detected within 3 to 4 weeks. Measurement of tumor volume was performed with a shifting calliper followed by tumor volume calculation using the formula [ 
PET Imaging
FLT was synthesized as previously described [23] and was obtained from the Radiopharmacy Unit of the TU München. Imaging was performed using a micro PET system (Inveon, SIEMENS Preclinical Solutions). FLT was administered via tail vein injection (100 μl) at an activity dose of 5 -10 MBq per mouse. The accumulation of radiotracer in the tumor was allowed for 60 min. Mice were then imaged for a 15 min static acquisition period.
PET Data Analysis
TBR were calculated to semi-quantitatively assess the tracer accumulation in the tumor. Circular three-dimensional regions of interest (ROI) were placed manually in the area with the highest tumor activity. The diameter was not covering the entire tumor volume to avoid partial volume effects. For determination of background activity, two three-dimensional ROIs were placed in the spinal muscle at the level of the kidneys. Corresponding TBR, mean tumor /mean muscle were calculated.
Histology and Immunohistochemistry
Formalin-fixed, paraffin-embedded sections (3 μm) of resected tumor tissue were dewaxed, rehydrated and processed according to standard procedures for immunohistochemistry. As primary antibody anti-CD40 (Acris Antibodies, 1:100) diluted in Antibody Diluent (Dako ChemMate) was used. Secondary antibody was DiscoveryTM Universal (Roche, Ventana Tucson, AZ, USA). Signal detection was performed using peroxidase-DAB (diaminobenzidine)-MAP chemistry (Roche, Ventana, Tucson, AZ, USA). Stainings were performed on the automated immunostainer (DISCOVERY XT, Ventana Medical System). To determine CD40 staining intensities all slides were scanned at 20× objective magnification using an Olympus DotSlide scanner. Immunohistochemical staining was quantified with the commercially available image analysis software tool TissueStudio ® (Definiens Enterprise Image Intelligence™ Suite, Definiens AG, Munich, Germany). This software allows for detection and quantification of immunohistochemical staining intensities in different compartments of the cell, i.e. membranes, within a user specified region of interest (ROI). The percentage of cells with non/low, medium and strong specific membrane staining intensity was calculated.
Statistical Analysis
Statistical analyses were performed using the statistical function of Excel 2007 (Microsoft). A p-value < 0.05 was considered statistically significant as assessed by student's t-test.
Results
Effect of CD40 Inhibition on Tumor Growth in Vivo
First we investigated the in vivo efficacy of CD40 inhibition with HCD122 in the cell line-based DLBCL model SU-DHL-4 which shows high expression of CD40 and therefore seems to be a suitable cell line for testing HCD122. When xenotransplants reached a volume of about 0.1 cm 3 mice received weekly injections of either HCD122 (10 mg/kg i.p.) or glucose 5% and tumor growth was documented until Day 14 (Figure 1) . SU-DHL-4 tumors treated with HCD122 showed reduced growth as compared to untreated (vehicle only treated) lymphomas (Figure 2) . Growth curves began to differ significantly from each other starting on Day 10 (therapy group, n = 8, mean volume in cm 3 ± SD: 0.95 ± 0.44 vs. control group, n = 5: 1.62 ± 0.27; p = 0.043). In summary, a significant tumor growth inhibition (TGI) of 45% was evident on Day 14 (1.56 ± 0.45 vs. 2.85 ± 0.29; p = 0.016).
Assessment of Early Treatment Response with FLT-PET
Next we tested whether PET imaging using the FLT tracer was suitable for early response assessment. To this end the TBR of FLT-PET before therapy (baseline, PET-1) was determined and defined as 100%. Follow-up PET scans (PET-2, PET-3) were performed and change of TBR (relative TBR) was calculated. In PET-2 we observed a lower TBR in the anti-CD40 treatment group (Figure 3 ; n = 8; mean TBR ± SD 127% ± 30%) as compared to the control group (n = 5; mean TBR 186% ± 83%). This difference was, however, not statistically significant (p = 0.109). In the follow-up scan performed on Day 7 (PET-3) treatment with HCD122 resulted in a significant lower TBR (137% ± 46%) as compared to the control group (252% ± 103%; p = 0.034). Thus, PET imaging with FLT was suitable to assess response to CD40 inhibition as early as 7 days after treatment initiation. Importantly, FLT-PET assessment preceded the change of tumor volume (Figure 2) . Representative PET images are shown in Figure 4 .
We also performed routine FDG-PET in a small number of mice at corresponding time points. TBR of FDG-PET did not differ significantly between treatment group (Supplemental Figure S1 and Figure S2 ; n = 3; mean TBR ± SD 104% ± 10%) and control group (n = 3; mean TBR ± SD 113% ± 4%; p = 0.311) in PET-2. A trend towards a lower TBR of FDG-PET in treated mice became apparent in PET-3 (n = 3; mean TBR ± SD 93% ± 10%), which, however, did not reach statistical significance (control group; n = 3; mean TBR ± SD 149% ± 24%; p = 0.061). 
FLT-PET Results Correlate with High CD40 Expression in Treated Xenograft Lymphomas
Earlier it has been shown that ADCC activity correlates with the number of antibody target molecules expressed on the cell surface [24] . Based on the assumption that high CD40 expression of lymphoma cells would enhance anti-proliferative effects of HCD122 due to an increased amount of target accessible we explanted xenograft lymphomas on Day 14 for immunohistochemical analysis (treatment group, n = 4; control group, n = 3). For this purpose the percentage of cells with different levels of CD40 expression was calculated for each section. Interestingly, the percentage of cells with high expression of CD40 (CD40 hi ) was significantly higher in treated than in untreated lymphomas (mean ± SD 92% ± 6% vs. 31% ± 16%, p = 0.001). On the contrary, medium or low/ negative CD40 expression was predominantly seen in untreated lymphomas (Figure 5) . The heterogeneity of CD40 expression within each lymphoma tissue is outlined in Table 1 .
In a second step we explored whether high CD40 expression contributed to antitumor response as reflected by FLT-PET. Therefore, change of TBR on Day 7 was correlated with the percentage of CD40 hi cells in the corresponding sections. As shown in Figure 6 there was a strong, negative correlation between these two parameters (R 2 = 0.908; p = 0.047). Thus, treatment with HCD122 seems to increase CD40 expression in the tumor tissue which in turn leads to attenuated proliferative capacity as depicted by FLT-PET. 
Discussion
The increasing understanding of lymphoma pathogenesis and lymphoma biology has led to the development of multiple monoclonal antibodies targeting lymphoma surface antigens, e.g. CD20, CD22, CD30, CD52 and CD40, which have already been introduced into the clinical routine or are currently tested as unconjugated antibodies, antibody drug conjugates or within radioimmunotherapy approaches [25] . One of the aforementioned approaches is the inhibition of the CD40/CD40L interaction as this pathway provides a growth and survival signal for neoplastic B cells [5] - [11] . An ex vivo study using primary B-CLL cells showed that the anti-CD40 antibody HCD122 exerts antitumor activity by mediating ADCC and inhibiting CD40L-induced survival, proliferation and secretion of cytokines that are implicated in tumor growth [12] . Based on the considerable amount of genetic diversity represented in the group of NHL it is unlikely that inhibition of one single pathway, either by antibody-based or by small molecule inhibitor-based therapy will effectively treat all subtypes of NHL. As a consequence, new substances tend to show a substantial variability in response both within a single and between different lymphoma entities [13] [14] . Hence predictive early biomarkers of response to novel agents are of great interest in the clinical as well as preclinical setting. One option is molecular imaging with PET which allows non-invasive, repetitive, biochemical characterization of the whole organism in vivo.
Basically there are three concepts of imaging immune responses with PET. The first approach uses antibodies or antibody fragments against cell-surface antigens as molecular imaging probes thus allowing cell-surface targets to be profiled in real patients in vivo, i.e. immunohistochemistry in vivo (immunoPET) [26] . However, broad implementation of immunoPET with intact antibodies for early therapy assessment has been hindered by the need to inject tracers several days before imaging. The second approach aims for tracking effector cell localization and function, i.e. mainly T cells, in vivo [27] . In melanoma patients receiving dendritic cell vaccine therapy de novo immune responses mediated by CD4+ and CD8+ T-cells were visualized in treated lymph nodes with FLT-PET, but not with FDG-PET, as early as three days after vaccination [28] . In contrast, murineimmune cells analysed in a preclinical model of immunogenic sarcoma showed distinct patterns of tracer accumulation: FDG accumulated to highest levels in innate immune cells, while activated T cells, though being active for thymidine uptake, appeared unable to retain FLT [29] . Instead, the pyrimidine analogue [
18 F]-2-fluoroarabinofuranosyl-cytosine (FAC) accumulated predominately in CD8+ T-cells in lymphatic tissues in a manner that correlated with cellular proliferation. Importantly, neither FDG nor FAC could efficiently label tumor-infiltrating immune cells. Based on these results and the utilization of T-cell lacking SCID mice [30] in our lymphoma model, the method of imaging effector cells seemed less constructive for therapy assessment of HCD122. We therefore chose the third approach of imaging immunotherapy, namely the visualization of functional effects on the tumor cell itself. In contrast to the standard tracer FDG, which tracks glucose metabolism, the thymidine analogue FLT reflects cell proliferation, a hallmarks of most cancers [31] . FLT has therefore been widely investigated with respect to cancer detection, staging and therapy response in solid and hematologic malignancies including aggressive lymphomas [18] - [22] [32] . Our experiments provide the first study showing the ability of FLT-PET to predict response to an antagonistic CD40 antibody as early as one week after initiation of therapy. Early response assessment of monoclonal antibody directed immunotherapy with FLT-and FDG-PET has been investigated mainly in solid tumors. In two studies investigating the monoclonal anti-HER2 antibody trastuzumab in HER2-overexpressing breast cancer xenografts, FLT-PET provided early response assessment following just one week of therapy [33] [34], whereas FDG-PET was unaffected. However, FLT-PET failed to predict response to trastuzumab in a syngeneic breast cancer model [33] . In addition, FLT-PET but not FDG-PET could detect tumor response to anti-epidermal growth factor receptor (EGFR) therapy with cetuximab within three to seven days in preclinical lung [35] and head and neck cancer models [36] . In contrast, cetuximab exerted mainly apoptotic effects without relevant antiproliferative activity in a preclinical colorectal cancer model [37] and thus to no significant difference FLT uptake. Finally, very early FLT-PET one week after CHOP chemotherapy in combination with the CD20 antibody rituximab in DLBCL patients has been shown to identify patients at risk for treatment failure [38] , whereas no reduction of FLT-uptake could be observed 48 hours after application of rituximab alone [18] . Selection criteria and timing of PET imaging for the appropriate imaging biomarker seems to be highly dependent on the underlying tumor cell biology and the therapeutic target modulation by the antibody used. Of note, the lack of T cells in our SCID mouse model impairs ADCC since immune cell function is diminished by one highly important component. Therefore, the therapeutic potential of HCD122 is probably underestimated in this setting. As a consequence, the predictive ability of FLT-PET regarding early therapy response assessment could be even more pronounced in clinical studies.
Immunohistochemical analysis of explanted lymphomas revealed a significantly higher expression of CD40 on treated as compared to untreated tumor tissue. Moreover, antiproliferative activity of HCD122 as measured by reduction of FLT uptake correlated with CD40 expression on lymphoma cells. The primary anti-CD40 antibody used for immunohistochemistry stains both human and murine CD40 [39] which offers two different possible sources of the CD40: human lymphoma cells and murine stromal cells. One explanation could be that HCD122, in contrast to rituximab, remains on the surface of lymphoma cells upon binding to CD40 and is not internalized. Its uniform distribution thus provides better conditions for interaction with NK and other effector cells [12] . On the other hand, dendritic and endothelial cells as well as macrophages up-regulate CD40 after uptake of apoptotic bodies and upon stimulation by interleukin-1 by NK cells [40] [41] , which could also contribute to the increased CD40 staining in explanted xenografts. So far, there is no clinical data of HCD122 addressing this issue. However, in a phase I trial of the agonistic CD40-antibody dacetuzumab (SGN-40) in patients with relapsed/refractory DLBCL the higher level of CD40 did not correlate with efficacy [42] . Thus, the role of variable CD40 expression on tumor tissue under therapy with HCD122 remains to be determined.
Conclusion
In summary we show that efficacy of antagonistic CD40-directed immunotherapy can be monitored with FLT-PET as soon as 7 days after start of treatment. Our results therefore contribute to the design of clinical studies incorporating FLT-PET imaging into therapeutic protocols containing monoclonal CD40 or further antibodies. 
